To determine whether duration and degree of weight gain are differentially associated with diabetes risk in younger versus middle-aged black and white adults.
populations that incorporate measures of adiposity and other cardiometabolic variables have performed poorly in young adults (6) , suggesting that risk factors are likely modified by age.
To our knowledge, no study has directly compared whether and how the impact of risk factors, including obesity, on incident diabetes might differ between middle-aged and young adults. Given the growing body of evidence suggesting the adverse effects of a greater cumulative obesity exposure (i.e., duration and degree) on the risk of developing diabetes (7) (8) (9) , it is critical to account for both of these dimensions when assessing this question. Recent findings from a follow-up study of adolescents and young adults suggest that younger individuals are at greater risk of developing diabetes for a given cumulative level of excess weight gain (10) . However, whether this age-related differential effect extends from young adulthood into middle age is unknown. It is also unknown whether the magnitude of any such association would vary between blacks and whites. Given prior evidence suggesting that other cardiometabolic factors affect diabetes risk differently in blacks and whites, further race-specific investigations appear warranted (11) .
We therefore conducted pooled analyses using data from three large wellcharacterized community-based cohort studies in the U.S. Together, the Atherosclerosis Risk in Communities (ARIC) study, the Coronary Artery Risk Development in Young Adults (CARDIA) study, and the Framingham Heart Study provide a rich resource to compare the incidence of type 2 diabetes in younger versus middle-aged blacks and whites. We hypothesized that the association of prospective weight gain over approximately one decade, expressed as BMIyears to account for both the degree and duration of weight gain, would be more strongly associated with incident diabetes in younger than middle-aged adults independent of baseline BMI and other cardiometabolic risk factors. We secondarily investigated whether the magnitude of the associations would differ between blacks and whites.
RESEARCH DESIGN AND METHODS

Study Characteristics
ARIC is a longitudinal study of 15 (1990-1992, 1993-1995, and 1996-1998 ). The fifth ARIC examination (2011-2013) was not used for this study due to its distance in time from the first four examinations.
CARDIA is also a longitudinal study in four communities: Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA. It enrolled 5,115 black and white men and women aged 18-30 years in 1985-1986 , with the recruitment approximately balanced on age, sex, race, and education status within each community. Seven subsequent examinations were conducted every 2-5 years (1987-1988, 1990-1991, 1992-1993, 1995-1996, 2000-2001, 2005-2006 , and 2010-2011).
The first examination of the offspring cohort of the Framingham Heart Study began in [1971] [1972] [1973] [1974] [1975] . A total of 5,124 offspring and spouses of the offspring (aged 5-70 years) of the Framingham Heart Study's original cohort were recruited. They were next examined 8 years later and then about every 4 years through the seventh examination, followed by the eighth examination ;6.5 years later (2005) (2006) (2007) (2008) .
Details of these three studies have been reported elsewhere (12) (13) (14) . The studies were approved by their institutional review boards of the participating institutions. All participants provided written informed consent at each examination.
Participants
Initial eligibility criteria for our analysis included participants aged ,60 years and without diabetes (defined as fasting blood glucose ,126 mg/dL and no use of medication for diabetes) at their index or "baseline" examination. Additional exclusions included the following: not black or white (n = 34); did not have at least one follow-up visit to determine diabetes or weight status (n = 98); and at the index examination were either pregnant (n = 48), did not fast .8 h (n = 537), or had missing data on any of the following cardiometabolic traits: fasting blood glucose, HDL cholesterol (HDL-C), triglycerides, BMI, or blood pressure (n = 165). After these exclusions and with some participants meeting more than one exclusion criterion, 17,404 participants remained eligible for the current analysis.
To ensure a more contemporary sample while allowing for sufficient followup of approximately one decade, we chose the following examinations as the "baseline" for each study. For ARIC, its first examination (1987-1989) was considered the "baseline" examination and its fourth cycle (1996-1998) as the last examination for a follow-up period of ;9 years. For CARDIA, we considered either the year 10 (1995-1996) or year 15 (2000-2001) examination cycle as "baseline" depending on which exam a participant was first examined, for an approximate follow-up period of 10 years. For the Framingham Heart Study, the Offspring Cohort Examination 3 (1984 Examination 3 ( -1987 or 4 (1987-1991) was considered the "baseline" depending on which exam a participant was first examined, for a follow-up period of ;12 years; Framingham Offspring Cohort participants at examination cycle 3 could re-enter the analysis at examination 6 (1995-1998) as "baseline" if they remained age eligible and diabetes free.
Assessment of BMI, BMI-Years, Baseline Covariates, and Incident Diabetes
Height and weight were measured with participants in light clothing. BMI was calculated as weight in kilograms divided by the square of height in meters. To calculate our primary predictor, which is the degree and duration of prospective weight gain, we estimated for each participant his/her "BMI-years" defined as the area of BMI units above or below his/her baseline BMI during follow-up. BMI-years was a timedependent variable calculated for each participant using linear interpolation between measured BMI points at each interim examination across the entire follow-up period and the amount of time since the baseline exam. Only measured BMI points were used in the analysis; imputation was not used to adjust for missed visits or missing weight. BMIyears could range from a large negative to a large positive value; however, the relationship between BMI-years and incident diabetes may differ depending on whether BMI-years was positive or negative. To allow for independent associations, the absolute value of BMI-years was split into two variables: BMI-years gained if BMI-years was positive and BMI-years lost if BMI-years was negative. A value for BMI-years gained would by definition imply a zero value for BMIyears lost and vice versa.
Blood pressure was measured with participants seated after a 5-min rest using a random-zero mercury sphygmomanometer in ARIC and CARDIA and a standard mercury-column sphygmomanometer in the Framingham Heart Study. The average of two readings was used. Participants were instructed to fast overnight before providing blood specimens for measuring glucose and lipid levels. Age, race, and medication use were self-reported and verified with prescriptions brought to the clinic for that purpose.
Incident diabetes was defined when any of the following were present at a follow-up examination: fasting blood glucose $126 mg/dL, casual blood glucose $200 mg/dL, or use of insulin or oral hypoglycemic medication. Time to diabetes was estimated using a previously described method by Duncan et al. (15) . In brief, for cases ascertained based on blood glucose value, the incident date was estimated by linear interpolation using the glucose values at the ascertaining and previous examinations. For cases ascertained based on the use of diabetic medications (;15% of the observed cases), the time to diabetes was estimated by using their fasting glucose at the earlier visit and a slope estimated using information from all subjects with diabetes who had been unaware of their status (because the fasting glucose at ascertainment for those who were on diabetic medication may have been affected by their knowledge of their diabetes status).
Statistical Analysis
We pooled individual participant-level data from the three studies and stratified the results by baseline age-groups (younger: $30 and ,45 years; middleaged: $45 and ,60 years) and race. Cox proportional hazards models were used for the multivariable analyses, in which the BMI-years (positive and negative) were included as time-dependent variables (accumulated net recalculated at time of each event), and adjustment for all other covariates was based solely on baseline values. The cardiometabolic covariates were selected a priori as potential confounders based on prior evidence that they were associated with adiposity as well as with diabetes (11, (16) (17) (18) (19) . The absolute values of BMI-years and baseline triglycerides were natural-log transformed due to their skewed distribution or range from zero to large numbers. BMI-years was assigned a small positive number (0.00001) if BMI-years was zero to allow for natural logarithmic transformation. Interaction terms between the age cohort indicator variable and the covariates were used to test for differences in associations by baseline age-groups. Additional two-way and three-way interaction terms were used to test for differences by race and for age-group differences within race.
BMI-years, particularly natural logtransformed BMI-years, is difficult to translate into a clinically meaningful result. To help readers more easily interpret and quantify the association between this exposure variable and its interactions with age and race, we used the coefficients derived from our primary model to generate a table of hazard ratios (HRs) that illustrates the results for a given set of baseline BMI values and alternative uniform increases in BMI over a fixed follow-up period. Namely, we calculated for each race and age-group the HRs and 95% CIs for incident diabetes associated with a prespecified baseline BMI and a prespecified constant linear increase in BMI over 9 years of follow-up. We chose the following baseline BMI values: 22, 27, and 32 kg/m 2 to be within the approximate midrange of normal, overweight, and obese BMI categories, respectively. We chose the following cumulative increases in BMI over the 9 years: 1, 2, 5, and 10 kg/m 2 to correspond to approximately the 25th, 50th, 90th, and 99th percentile values, respectively, among all participants who had increased BMI (13,087 participants) during follow-up. Within each race and age-group, a baseline BMI of 22 kg/m 2 and no weight gain over 9 years were used as the referent.
In a sensitivity analysis, we examined the robustness of our primary finding by removing baseline fasting glucose as a covariate from our primary multivariable model. We did this because of its likely role in the causal pathway in the development of diabetes (20) and to address any potential concerns of overadjustment, given that our primary outcome is partly defined by subsequent fasting glucose levels.
Tests of statistical significance were two tailed, with an a level of 0.05. SAS version 9.3 (SAS Institute, Cary, NC) was used to perform all analyses.
RESULTS
Baseline Characteristics, Incident Diabetes, and Change in BMI-Years
The age ranges in ARIC, CARDIA, and the Framingham Heart Study were 44-59, 30-46, and 30-59 years, respectively. More than half (55.6%) of the total participants in the analysis were women. One-fifth (21.0%) were black, all from ARIC and CARDIA. Among blacks, mean baseline BMI was similar in both agegroups (Table 1) . Those in the younger age-group (between 30 and 45 years old) had significantly more favorable blood pressure profile and fasting triglyceride and glucose levels, but less favorable HDL-C levels, than those in the middle-aged group (between 45 and 60 years old). Among whites, the younger group had significantly lower baseline BMI and more favorable blood pressure profile and fasting triglyceride and glucose levels.
During a median follow-up of 9 years, there were 1,509 newly identified cases of diabetes among all age-race groups. Diabetes incidence (per 1,000 person-years) in the younger and middle-aged groups among blacks was 7.2 (95% CI 5.7, 8.7) and 24.4 (22.0, 26.8), respectively, and among whites was 3.4 (2.8, 4.0) and 10.5 (9.9, 11.2), respectively.
The distribution of the cumulative BMI-years over the follow-up period is shown in Table 2 . Cumulative BMI-years for each participant was calculated by summing for each interim exam the area defined by the time between exams and the linear interpolation of starting BMI and interim-exam BMI from baseline to incident diabetes or the censored exam. Each participant was then classified as having a net gain in BMIyears (i.e., area $1), net loss in BMIyears (i.e., area #21), or no change in BMI-years (i.e., area between 21 and 1). The cumulative distribution for BMI-years is shown for each race and age-group. Among blacks, the proportions of younger and middle-aged adults with a net gain of at least 1 BMI-year at end of follow-up were 72 and 60%, respectively. Among the younger and middle-aged whites, the proportions were 76 and 67%, respectively. Within each race, the median gain in BMI-years over the follow-up time also tended to be greater in the younger as opposed to the middle-aged adults.
Multivariable Analyses
As shown in the upper half of Table 3 , after adjusting for sex, baseline covariates, race and age interaction terms, and loss in BMI-years, gain in BMI-years was associated with significantly higher risk of diabetes in the younger compared with middle-aged groups in both racial groups. In contrast, although baseline BMI was positively associated with incident diabetes within each of the four Data are mean (SD) or percent, unless otherwise indicated. SD is from the unadjusted distribution. BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure. *P value from a simple x 2 or Student t test after adjustment for age and sex where appropriate. †Blood pressure categories: normal, SBP ,120 and DBP ,80 mmHg and not using antihypertensive medication; prehypertension, not hypertension and SBP 120-139 or DBP 80-89 mmHg; hypertension, SBP $140, DBP $90 mmHg, or using antihypertensive medication. P values provided reflect the distribution of the three blood pressure categories between the two age-groups within each race. ‡Means and SD from the untransformed distribution. Student t test P value is from the natural log-transformed distribution. race and age subgroups, significant interactions by age-group within each race were not observed. Among blacks, HRs of diabetes risk for 1-unit increase in natural-log BMI-years in younger versus middle-aged adults were 1.18 (P = 0.02) and 1.02 (P = 0.39), respectively (P for interaction by age-group = 0.047). Among whites, HRs of diabetes risk for 1-unit increase in natural-log BMI-years in younger versus middle-aged adults were 1.35 (P , 0.001) and 1.11 (P , 0.001), respectively (P for interaction by age-group = 0.008). The P values for interactions between race and increase in natural-log BMI-years on incident diabetes in the younger and middle-aged groups were 0.14 and ,0.001, respectively (results not shown).
Results of the sensitivity analysis in which baseline fasting glucose was removed from the multivariable model are shown on the lower half of Table 3 . The primary finding that BMI gain was more strongly associated with incident diabetes in younger compared with middle-aged adults remained statistically significant in whites (P for interaction = 0.006) but was no longer significant in blacks (P for interaction = 0.065). The interaction between race and increase in natural-log BMI-years on incident diabetes in the younger and middle-aged cohorts remains largely unchanged (P for interaction = 0.78 and 0.007, respectively) (results not shown). Table 4 translates the model results into HRs and 95% CIs for incident diabetes according to baseline BMI and constant linear change in BMI over 9 years. Using a baseline BMI of 22 kg/m 2 and no weight gain as the referent, the HR for incident diabetes in younger blacks with a BMI of 32 and a gain of 10 additional BMI units is 3.10 (95% CI 1.70, 5.65). This is in contrast to an HR of 1.68 (1.37, 2.07) in their older counterparts with the same baseline BMI and weight gain. Among whites, the HR of diabetes risk in the younger individuals with the same baseline BMI and weight gain is 5.91 (3.38, 10.32), compared with 2.91 (2.43, 3.49) in the older group.
CONCLUSIONS
Although middle-aged black and white adults had higher rates of incident diabetes than their young-adult counterparts, young adults had a greater relative risk of developing diabetes for a given level of gain in BMI-years, independent of any differences in baseline BMI and other cardiometabolic factors. Younger adults also had an overall higher prevalence and larger degree of net gain in BMI-years. Our finding supports continued efforts to prevent weight gain in both younger and middleaged adults. It further highlights the importance of accounting for the age at which weight gain occurs when assessing obesity's impact on diabetes risk. A cautionary message to young adults might be that gaining weight at their age may be more strongly associated with developing diabetes than if a similar degree and duration of weight gain were to occur in their middle-aged counterparts.
Although previous studies have also brought forth the need to consider the age in which weight gain occurs when assessing diabetes risks (10, 19, (21) (22) (23) , these studies were cross-sectional (21), limited to a single ethnic population (19, 22) , and/or relied on self-reported *Additional covariates in the primary multivariate analyses include sex, baseline HDL-C (15 mg/dL), log(baseline triglycerides), baseline fasting glucose, baseline prehypertension, baseline hypertension, log(BMI-years below baseline BMI), as well as interaction terms for age-group 3 baseline covariates, race 3 baseline covariates, and age-group 3 race 3 baseline covariates. The referent group for hypertension and prehypertension is those with normal blood pressure, defined as systolic blood pressure ,120 mmHg and diastolic blood pressure ,80 mmHg and not using antihypertensive medication. In the sensitivity analyses, baseline fasting glucose was removed as a covariate from the primary multivariable model. †BMI-years is a time-dependent variable calculated using linear interpolation between measured BMI points and the amount of time above or below baseline BMI. ‡P value for interaction is the test of effect modification between age-group at baseline and the risk factor on incident diabetes. data of weight change or diabetes status (10, 22) . Furthermore, only one accounted for both degree and duration of weight gain when examining the age differentials in obesity-related incidence of diabetes (10) . That study, by Lee e al. (10), used data from the National Longitudinal Survey of Youth 1979 and evaluated a younger cohort, specifically adolescents and young adults. Using excess weight calculated as self-reported BMI over a reference BMI (25 kg/m 2 for adults or 85th percentile for adolescents), they found younger individuals to have greater risks of self-reported diabetes for a given level of excess BMI-years exposed. Our study, which used objectively measured BMI and diabetes status, supports and extends this age effect modification from young adulthood to middle age, the latter being a time period with the highest incidence of diabetes in the U.S. (24). We further found that these associations were independent of any differences in baseline cardiometabolic risk factors.
It is unclear why adiposity gained in young adulthood is associated with greater relative risk for developing diabetes than if the same level of adiposity were gained in middle age. This might be explained in part by the greater absolute risks for developing diabetes in the older age-group, such that each additional risk factor is likely to contribute only an incremental effect to the overall risk. Such decreases in relative risks with aging have been observed in studies assessing other predictors and/or outcomes (25, 26) . Another potential explanation is survival bias. Those in the middle-aged group who were most susceptible to diabetes may have already developed the disease by the time of the study index examination and were thus excluded from the analyses, leaving in those who may be more protected from developing the disease. Reverse causality is another possibility given that outcomes associated with BMI are likely to be especially pronounced in young adults since older individuals experience age-related loss of height and muscle mass. Alternatively, there may be a pathophysiologic explanation. Type 2 diabetes results when pancreatic b-cells are unable to match insulin secretion in the face of insulin resistance over time. Obesity is a known 3 .49) *Increase in BMI is assumed to be a constant linear function over time. Within each race and age-group, a baseline BMI of 22 kg/m 2 and no weight gain over 9 years was used as the referent. Adjusted for baseline BMI, HDL-C, natural log-transformed triglycerides, fasting glucose, and hypertension group, as well as interaction terms for age-group 3 baseline covariates, race 3 baseline covariates, and age-group 3 race 3 baseline covariates. †BMI units expressed as kg/m 2 .
determinant of insulin resistance. Aging, on the other hand, is largely independently associated with impaired b-cell function (27, 28) . In young adulthood, when one's overall b-cell function is still relatively intact, perhaps adiposity exerts greater harmful effects on insulin resistance than in middle age, when one may instead be more sensitive to age-accelerated b-cell function decline. More basic research is needed to test this mechanistic hypothesis. Other potential mechanisms associated with worsened insulin resistance should also be explored, including whether weight gain in younger age leads to greater increases in visceral adiposity tissue compartments (29) , hepatic fat (30) , and/or inflammation (31) as compared with their older counterparts.
Our finding that whites had significantly greater relative risks of diabetes than blacks for a given level of gain in BMI-years, particularly among the middle-aged, is in contrast to results from Lee et al. (10) , which reported blacks as having higher odds of diabetes than whites, albeit only at lower levels of excess BMI-years. As aforementioned, that study included a much younger cohort and did not account for any potential effects of other baseline cardiometabolic factors, the profiles of which are typically disproportionately worse in blacks (4, 11, 32) . Rather, our finding is consistent with those by Taylor et al. (32) , which found that despite higher prevalence of obesity and other cardiometabolic factors in blacks, obesity is more strongly associated with diabetes in whites. The mechanism is unclear, but as noted by Taylor et al. (32) , biological factors related to insulin insensitivity might differ between blacks and whites (29, 33) . Blacks also have less visceral abdominal fat and lower prevalence of hepatic steatosis than whites (30, 34) . As further research is conducted to explain this differential relative risk, one should not lose sight of the fact that blacks still have an unduly greater absolute risk for developing diabetes than whites (4, 11) .
Strengths of this study include the population-based biracial cohorts and objectively measured weight, blood glucose, and cardiometabolic covariates. Weight was measured objectively and prospectively, and we took into account both the duration and degree of weight gain over time. Limitations should also be noted. First, black participants were recruited in only two cohorts (CARDIA and ARIC) with very little overlap in age. It is possible that the observed age differential effects in blacks might have been due to differences between studies. However, the standardized data collections and protocols and rigorous quality control measures within each study make this concern less likely. Second, the duration of weight gain during follow-up was based on measurements ascertained over a range of 3-6 years. Perhaps more frequent measurements would improve the accuracy of estimations of BMI-years to capture sudden fluctuations in weight that can result from life events such as postpregnancy or acute illnesses. Third, relying on laboratory measurements and use of diabetes medications to ascertain diabetes may have missed cases controlled by lifestyle alone. Finally, we lacked data to evaluate the potential impact of cumulative obesity burden prior to the index examination, which would likely be greater in the older participants simply because they have lived longer and because of age-related loss in muscle mass. Rather, our focus was on comparing differences in the incremental increase in diabetes risk for a given level of weight gained prospectively within a specified follow-up period. It might be more generalizable to settings such as new patient encounters in which only current information is available, yet one wishes to estimate future risks based on various possible scenarios of weight gain. Certainly future studies that examine the effects of lifetime obesity burden on diabetes incidence starting from early childhood and across the life span are still needed.
In summary, in this combined analysis of three population-based cohorts, a given degree and duration of weight gained in young-adult blacks and whites are more strongly associated with risk of diabetes than if similar weight was gained in middle age, even after accounting for baseline weight and other cardiometabolic risk factors. Our findings support continued efforts to prevent weight gain in both younger and middle-aged adults. Additionally, a cautionary message to young adults might be that gaining weight at their age may be more strongly associated with developing diabetes than if similar weight gain were to occur in their middleaged counterparts.
